Numerical models of foreland basin stratigraphy and modern river systems suggest that the location where river bed sediment texture changes from gravel to sand-dominated (the gravelsand transition) is determined by: 1) basin subsidence rate; 2) total sediment flux; 3) gravel-size fraction, and 4) river discharge, over sub-millennial timescales [9] [10] [11] [12] [13] . However, few field data have previously been available to validate such models. The gravel-sand transition is marked by an abrupt decrease in grain size [14] [15] [16] , believed to result from an exhaustion of gravel supply. The gravel-sand transition in large trans-Himalayan rivers feeding the Ganga Plain occurs at ~12-20 km downstream of the mountain front in the east Ganga Plain, and slightly further at ~28-45 km in the west Ganga Plain (Fig. 1) ; this transition is also associated with a marked decrease in channel gradient 17 . We find that the gravel-sand transition in rivers draining small foothill-fed catchments (<350 km 2 ) in the east Ganga Plain 16 is at a comparable distance downstream of the mountain front to the adjacent trans-Himalayan Gandak and Kosi rivers (>30,000 km 2 ) (Fig. 1 ).
an elevated sand flux, leading to distinct patterns of aggradation and flood risk in the densely populated, low-relief Ganga Plain.
Numerical models of foreland basin stratigraphy and modern river systems suggest that the location where river bed sediment texture changes from gravel to sand-dominated (the gravelsand transition) is determined by: 1) basin subsidence rate; 2) total sediment flux; 3) gravel-size fraction, and 4) river discharge, over sub-millennial timescales [9] [10] [11] [12] [13] . However, few field data have previously been available to validate such models. The gravel-sand transition is marked by an abrupt decrease in grain size [14] [15] [16] , believed to result from an exhaustion of gravel supply. The gravel-sand transition in large trans-Himalayan rivers feeding the Ganga Plain occurs at ~12-20 km downstream of the mountain front in the east Ganga Plain, and slightly further at ~28-45 km in the west Ganga Plain (Fig. 1) ; this transition is also associated with a marked decrease in channel gradient 17 . We find that the gravel-sand transition in rivers draining small foothill-fed catchments (<350 km 2 ) in the east Ganga Plain 16 is at a comparable distance downstream of the mountain front to the adjacent trans-Himalayan Gandak and Kosi rivers (>30,000 km 2 ) (Fig. 1 ).
While spatial variations in basin subsidence across the entire foreland basin may control the overall position of the gravel-sand transition 9, 17 , subsidence can be ruled out as a factor explaining this observation, as there is no evidence for a significant variation in subsidence rate beneath the foothill-fed tributaries flowing in the interfan region between the Gandak and Kosi alluvial fans 17 . Given the substantial contrast in size between the trans-Himalayan Gandak and
Kosi rivers and the smaller foothill-fed catchments, we would expect orders of magnitude differences in water and total sediment flux, which is at odds with the similarity in the positions of the gravel-sand transition. These fluxes are therefore also unlikely to play a significant role in controlling the position of this transition. Gravel fining rates between the mountain front and the gravel-sand transition in the east Ganga Plain are also independent of the relatively rapid reduction in grain size observed across the gravel-sand transition 16, 17 . This further indicates that neither abrasion downstream of the mountain front nor input grain size exert a dominant control on the distance to the transition in the Ganga Plain. Theory and experiments have implied that an increase in the fraction of gravel in the sediment supplied to the basin results in progradation of the gravel front 9 . Having ruled out other likely controls, we further test whether the position of the gravel-sand transition across the east Ganga Plain reflects differences (or similarities) in gravel flux.
We first compare the total mass flux of sediment exported into the Plain to the mass trapped upstream of the gravel-sand transition. The volume of gravel between the mountain front and the mapped gravel-sand transitions 17 is calculated using the mean basin subsidence rate (which is believed to have been relatively constant over the last 10 4 years 17 ), the distance to the gravelsand transition, and the maximum width of the alluvial fan (see Methods). We assume that most gravel is trapped upstream of the gravel-sand transition, an assumption supported by the conspicuous lack of gravel downstream of the transition. The use of the basin subsidence rate assumes the degree of filling of accommodation space (defined by a depositional base-level) during that interval is constant (see Extended Data). The gravel-to-total-load ratio was also calculated for each catchment. Total sediment flux data are only available for the transHimalayan rivers considered in this study 18 (Fig. 2a) .
These absolute flux values should be treated as a maximum however, as we assume that that the full surface of the fan is available to receive sediment (see Methods). Our gravel proportion (or gravel-to-total-load ratio) estimates for the large trans-Himalayan systems vary between 0.2 and 29%, with proportions generally lowest for the Gandak and Kosi rivers in the east Ganga Plains (Fig. 2b) . For average and maximum sediment flux scenarios (using average and maximum erosion rates), gravel proportions are systematically lower than estimates based on a similar abrasion model to predict gravel proportion for major Himalayan rivers at the mountain front 20 .
For the smaller foothill catchments, gravel proportions are notably higher, even under the maximum flux scenario with catchment-averaged erosion rates of 5 mm/yr (Fig. 2b) ; for the gravel proportion to be lower than 50%, larger total sediment fluxes would be required, suggesting catchment-averaged erosion rates in excess of ~2.75 mm/yr.
Identification of the provenance of gravel is facilitated by the fact that the Himalayan mountain range is divided into four major structural units that run broadly parallel from west to east and are composed of contrasted lithological units (Fig. 1 During the low-flow season (October-May), a considerable portion of the channel bed of major rivers of the Ganga basin is accessible, with extensive coarse gravel bars dominating the bed of the rivers as they cross the mountain front. To assess gravel provenance, pebble lithology was identified at a number of sites from ~30 to 50 km upstream of the mountain front down to the gravel-sand transition in each of the trans-Himalayan rivers (Fig. 1) . Using a 25 m tape measure, pebble lithology was identified at 50 cm intervals along two transects at each site and categorised as outlined in Methods.
Clast characterisation shows that gravel which could be identified as uniquely from the Modelling results show that for weak lithologies with high erodibility values (λ) such as schist and poorly cemented sandstones 23 , only locally sourced gravel is likely to survive at the mountain outlet (Fig. 4) . After a transport distance of ~20 km, most gravel with high erodibility (λ = 20 %/km) is abraded and converted into sand and finer products 23 ; therefore, most of the easily erodible gravel supplied to the river at a distance greater than ~20 km upstream of the mountain front is unlikely to contribute to the gravel load, and is likely transported as washload or suspended load. Gravel with erodibility values of around 2 %/km, representative of most Himalayan lithologies such as gneiss, granite, limestone and well-cemented sandstone, can survive transport lengths of ~100-200 km. Clasts of these lithologies would likely constitute a greater proportion of gravel material at the outlet; this however is a conservative estimate, as chemical weathering on hillslopes and during temporary storage may weaken pebbles 25 . Under the lowest erodibility values (λ = 0.2 %/km, e.g. quartzite 23 ), a large proportion of the gravel supplied to the rivers is likely to survive to the mountain front (Fig. 4) .
Modelling of the abrasion of gravel as it is transported downstream suggests that beyond a critical fluvial transport length upstream of the mountain front, gravel delivered to the fluvial network reaches the Ganga Plain mainly as sand and finer sediment 18, 23, 24 (Fig. 4) . This is consistent with Sr-Nd isotopic mass balances of suspended sediment in the Ganga Basin suggesting that 80±10% of suspended sediment delivered to the Plain is of Greater Himalayan source, whilst only 20±10% is sourced from the Lesser Himalaya 26 . The critical fluvial transport length is dependent on pebble erodibility, which is a function of lithology, and was estimated to be in the order of 250/λ (23) . For trans-Himalayan catchments, intermediate and low strength lithologies of the Lesser and Greater Himalaya sourced within ~100 km upstream of the mountain front will contribute a significant fraction of the gravel exported and deposited upstream of the gravel-sand transition 23 . Similar lithologies sourced further upstream will be abraded into sand prior to reaching the outlet, which is supported by the lack of pebbles distinctively sourced from the Tethyan Himalaya and relatively low proportions of Greater Himalayan pebbles in the Plain (Fig. 3) . Where Greater Himalayan rocks are exposed further south in these catchments, a larger proportion of Greater Himalayan pebbles reach the Plain as a result of shorter transport distances and generally lower percent mass loss of Greater Himalaya lithologies (e.g. gneiss, granite) via abrasion, compared to the sedimentary and low grade metamorphics from the other contributing units 20, 23 . More resistant quartzite lithologies, however, are sourced from all parts of the Himalaya 20 . Even in catchments as large as the Kosi, more than 50 % of quartzitic pebbles sourced from the catchment headwaters are likely to reach the mountain outlet as gravel, as the characteristic transport length for quartzite (> 1000 km (23) ) is longer than the river network (Fig. 4) . We would therefore expect quartzite to dominate the lithologies of pebbles exported into the Plain, which is consistent with our observations (Fig. 3b) and with previous modelling predicitions 23, 24 . The smaller foothill catchments are draining the Neogene Siwalik sediments which consist of previously deposited Plain sediments which are progressively incorporated back into the mountain range through frontal accretion of thrust units 16 . Therefore, the rivers are expected to recycle almost exclusively quartzitic gravel, which is confirmed by field observations. The low degree of cementation of the young Neogene sediment was also noted in the field, which likely explains the high catchment-averaged erosion rates. These observations explain why a very high proportion of the gravel delivered to the foothill channels survive into the Plain, and hence, why high gravel fluxes per unit catchment area are observed for these smaller systems (Fig. 2a ).
Our models and data demonstrate that increased sediment delivery to channels will result in an additional pulse of gravel reaching the Plain only if sediment delivery occurs within less than ~100 km upstream of the mountain front or is sourced in highly resistant lithologies (e.g. 
Methods:

Gravel flux estimates
The volume of accommodation space generated between the mountain front and mapped gravelsand transition was calculated for each catchment to estimate the volume of gravel trapped upstream of the gravel-sand transition. The volume generated each year was defined as the product of basin subsidence rate 17 , distance to the gravel-sand transition, and maximum width of the alluvial fan upstream of the transition derived from Google Earth imagery. The gravel-sand transition was mapped for each river by noting the point at which exposed deposits were nearly exclusively sand (> 95%) 17 .
The lateral extent of alluvial fans was determined by topographic barriers, or where fans from adjacent systems constrain lateral mobility 30 . Where closely spaced, similar sized channels exit the mountain front and it was difficult to constrain fan boundaries, the maximum width of each fan was set as the mid-point between the two channel outlets. This area represents the maximum extent over which the channel can deposit sediment upstream of the gravel-sand transition. We assume that deposition will occur over the total surface of this area over timescales of 10 1 -10 3 years, based on documented avulsion pathways on the Kosi River which appear to inundate the surface of the Kosi mega-fan upstream of the gravel-sand transition over ~200 years 31 , and for consistency with 10 Be derived sediment fluxes that are averaged over 10 2 -10 3 years 18 . Whilst the modern channel only occupies a portion of the fan surface, repetitive phases of channel infilling and avulsion over these timescales allow the channel to migrate over the surface of the fan making the entire fan surface available to receive sediment 31 . We also assume that the distance from the mountain front to the gravel-sand transition remains relatively constant over these timescales, which is supported by the presence of a channel slope break at 
Foothill-fed catchment sediment fluxes
Where sediment flux data are not available for the foothill-fed catchments (Churre, Bakeya, Lakhandei, Ratu, and Aurhi), 10 Be-derived catchment-averaged erosion rates from similar sized catchments further west in the Garhwal Himalaya 19 have been used to approximate total sediment fluxes. These sub-catchments form part of the Yamuna catchment, but are higher in elevation and catchment relief than the foothill-fed catchment considered in this study, with average elevations between ~1700-4000 m. With this in mind, we have calculated sediment fluxes for the foothill catchments using the maximum range of erosion rates reported from these data (0.5 -5 mm/yr), and assuming an average rock density of 2.65 t/m 3 .
Bedload is commonly assumed to constitute ~10% of total river sediment loads in rivers originating from mountainous settings, although this proportion decreases to as low as 1% with increasing catchment areas above ~10 3 km 2 (32) . Our gravel flux estimates should represent a minimum bedload flux as they do not incorporate sediment finer than 2 mm which may also be transported as bedload. Our gravel proportion estimates (and gravel flux per unit catchment area) appear much larger in small foothill-fed systems than in trans-Himalayan catchments. To generate total sediment fluxes large enough to allow gravel proportions in keeping within these empirical relationships 32 , catchment averaged erosion rates of 3-5 mm/yr are required in the foothill catchments. Either these catchments experience relatively high erosion rates (comparable to the fastest eroding catchments further west in the Garhwal Himalaya 19) , or gravel makes up a larger proportion of the total sediment load (>50 %) than might be expected based on an empirically derived catchment area scaling relationship 32 . Conversely, gravel proportions in the larger trans-Himalayan systems are low, representing as little as ≤1 % of the total sediment load (Fig. 2b) . This could be a result of over-estimated 10 Be-derived erosion rates.
Influence of abrasion on spatial distribution of sources of gravel
We applied a simple abrasion model to produce 
where λ is the percent gravel (or pebble) mass loss per km and K = M/M0, where M0 represents the mass of gravel initially supplied by the pixel and M the remaining mass of gravel after a transport distance α. We assume that all products of abrasion are sand and finer sediment 23 . We made the calculation for three erodibility coefficients representative of Himalayan lithologies for both a trans-Himalayan catchment (Kosi River, maximum stream length ~600 km, drainage area ~50,000 km 2 ) and a foothill catchment (Bakeya River, maximum stream length ~50 km, drainage area ~350 km). Maps were generated with constant erodibility coefficients across the whole catchments for illustrative purpose (Figure 4 ), using coefficients of 0.2, 2 and 20 percent mass loss per km, representative of the hardest, most common, and weakest lithologies exposed in the catchments, respectively 20, 23 . We note that spatial variations in erosion rates could affect the absolute gravel flux supplied from different parts of the catchment and therefore the relative proportions of a given lithology on gravel bars. For example, higher erosion rates are expected in areas supplying Greater Himalaya lithologies 20, 22 , which should lead to a relatively higher abundance of gravel from these lithologies compared to a scenario with uniform erosion;
however, this does not affect the maps shown in Figure 4 as they relate the fraction of gravel remaining after transport to the outlet to the fraction of gravel initially supplied by a given pixel, irrelevant of the absolute volume (or flux) supplied. Similarly, some lithologies may contribute a relatively greater amount of gravel than others 20 but again this does not affect the maps shown in Figure 4 .
Determination of pebble lithology in the field
The four major structural units running broadly parallel from west to east across the Himalayan Between six and eleven gravel bars located between up to ~100 km upstream of the mountain front and the gravel-sand transition were surveyed along each river. At each site, two 25 m long lines were positioned near the center of the bar, parallel to the river, and the lithology of each pebble was recorded every 0.5 m (20) . 
